Nucleobase and nucleoside transporters play central roles in the biochemistry of parasitic protozoa, as they lack the ability to synthesize purines de novo and are absolutely reliant upon purine salvage from their hosts. Furthermore, such transporters are potentially critical to the pharmacology of these important human pathogens, because they mediate the uptake of purine analogues, as well as some nonpurine drugs, that can be selectively cytotoxic to the parasites. We here report the first identification and characterization of a purine nucleobase transporter in Leishmania amastigotes. Uptake of [ 3 H]hypoxanthine by Leishmania mexicana amastigotes was mediated by a single high-affinity transporter, LmexNBT1, with a K m of 1.6 ؎ 0.4 M and high affinity for adenine, guanine, and xanthine but low affinity for nucleosides and pyrimidine nucleobases. Allopurinol, an antileishmanial hypoxanthine analogue, was apparently taken up by the same transporter. Using Parasitic protozoa of the genus Leishmania are the etiological agents of leishmaniasis. Some 12 million people throughout the world suffer from leishmaniasis, ranging from the disfiguring cutaneous form to often-fatal visceral leishmaniasis. Leishmania species are sandfly-transmitted protozoan parasites. The life cycle is divided into promastigotes and metacyclics in the insect vectors and amastigotes in their mammalian hosts, which are responsible for all clinical manifestations.
Parasitic protozoa of the genus Leishmania are the etiological agents of leishmaniasis. Some 12 million people throughout the world suffer from leishmaniasis, ranging from the disfiguring cutaneous form to often-fatal visceral leishmaniasis. Leishmania species are sandfly-transmitted protozoan parasites. The life cycle is divided into promastigotes and metacyclics in the insect vectors and amastigotes in their mammalian hosts, which are responsible for all clinical manifestations.
Most of the currently available antileishmanial drugs have been discovered empirically, as until recently insufficient information was known about the biochemistry, physiology, and molecular biology of these parasites and the interactions with their hosts (23) . The limitations of the current treatment for leishmaniasis, as a result of drug resistance and the severe side effects of most of the existing therapeutic agents, and the urgent need for new therapeutic approaches, are well documented (12, 56, 60) .
The development of a rational therapeutic strategy for the treatment and prevention of parasitic disease depends on exploitation of fundamental biochemical disparities between parasite and host, such as the inability of protozoan parasites to synthesize purines de novo (5) . Current antiprotozoal agents often derive selectivity from selective accumulation by the parasite rather than the host cell (15) . The selectivity and the efficacy of purine antimetabolites can be achieved by the cell surface transporters that mediate access to the cell, as substrate recognition by nucleobase transporters is strikingly different in humans and kinetoplastids such as Trypanosoma brucei (58) and Leishmania major promastigotes (2) . Purine and pyrimidine antimetabolites have been highly successful against many viral infections as well as malignancies (27) and show great promise against protozoal infections as well (reviewed in references 14, 17, and 23). Allopurinol, a purine nucleobase analogue, is clinically used against various manifestations of leishmaniasis (1, 13, 39) .
Whereas purine transporters in promastigotes have now been studied in detail (see references 17 and 29 for recent reviews), very little is known about such transporters in the infective amastigote forms. The only study of purine transporters in amastigotes demonstrated that there are at least two high-affinity adenosine transporters in Leishmania donovani amastigotes, T1 and T2 (24) . Purine nucleobase transport in this intracellular form has yet to be described, despite a clear interest from physiological and pharmacological perspectives.
In a previous study, we have shown that allopurinol is efficiently taken up by a high-affinity purine nucleobase transporter in L. major promastigotes, LmajNBT1 (2) . We now report the first characterization of nucleobase transport in Leishmania mexicana amastigotes, including the transport of allopurinol. Our data are consistent with a single broad-specificity nucleobase transporter mediating the uptake of all natural purine nucleobases and allopurinol. The functional characterization of this transporter, LmexNBT1, showed it to be virtually identical to LmajNBT1.
L is the permeant concentration and K m is the value obtained for this permeant. The Gibbs free energy of the transporter-ligand interaction was then calculated from ⌬G°ϭ ϪRTln(Ki), in which R is the gas constant and T the absolute temperature. Errors given in tables and shown as bars in figures are standard errors. It should be noted that these equations are valid only for competitive inhibition, as described previously (19, 58) .
Toxicity test. The drug sensitivity assay with Alamar blue was performed as described for T. brucei and Leishmania (38, 51) in 96-well plates, with some modifications. Briefly, 100 l of Schneider's Drosophila medium (Gibco), used for culturing amastigotes, was added to wells, leaving the first column empty. Two hundred microliters of different test compounds was added, at double the final concentration, to the first column. Doubling dilutions were performed, leaving one well drug free as negative control. L. mexicana amastigotes were inoculated into each well at a final density of 1 ϫ 10 6 /ml culture medium. Twenty microliters of Alamar blue reagent (TREK Diagnostic Systems, Ltd.) was added after 48 h and fluorescence development determined after a further incubation time of 72 h. The plates were read using a LS55 luminescence spectrometer (Perkin-Elmer) at 530-nm excitation and 590-nm emission wavelengths.
RESULTS
Purine transport in axenic amastigotes of Leishmania. Total uptake of adenosine in axenic amastigote forms of L. mexicana was determined using a rapid stop oil spin protocol adapted from similar protocols with various other protozoa (2, 16, (18) (19) (20) . Figure 1A demonstrates (Fig. 1A) . These observations are consistent with an earlier 3 H]hypoxanthine transport was not significantly different from zero (P ϭ 0.7, F test), indicating highaffinity transport that is completely saturated at 1 mM. [ 3 H]adenine uptake (1 M) was likewise linear over 120 s, and this was the least efficiently accumulated of the three purines tested, with a rate of 0.012 Ϯ 0.001 pmol 10 7 cells Ϫ1 s Ϫ1 , which was almost 95% inhibited by 1 mM unlabeled adenine (Fig.  1C) . Subsequent experiments were performed with [ 3 H]hypoxanthine and 60-s incubations, which are well within the linear phase of uptake and therefore measure true initial rates of transport.
A high-affinity purine nucleobase transporter in amastigotes. [ 3 H]hypoxanthine transport (0.1 M) measured in the presence of up to 1 mM of unlabeled hypoxanthine was monophasic and complied with simple Michaelis-Menten kinetics, yielding a K m of 1.6 Ϯ 0.4 M and a V max of 0.092 Ϯ 0.057 pmol 10 7 parasites Ϫ1 s Ϫ1 (n ϭ 4) (Fig. 2) . The transport of [ 3 H]hypoxanthine was inhibited by a range of purine nucleobases and nucleosides (Table 1) but not significantly by various pyrimidines at up to 1 mM (P Ͼ 0.05 by a paired Student's t test against a no-inhibitor control; n ϭ 3). The hypoxanthine transporter, designated L. mexicana nucleobase transporter 1 (LmexNBT1), appears to be mildly selective for oxopurines over aminopurines, judging from the K i values for guanine and adenine (1.7 Ϯ 0.1 and 4.2 Ϯ 0.8 M, respectively). None of the inhibition plots suggested the presence of more than one hypoxanthine transporter in L. mexicana amastigotes, as Hill slopes were consistently near Ϫ1 and complete inhibition to control values (transport at 0°C, 0 s) was generally observed.
[ 3 H]allopurinol transport by L. mexicana amastigotes. Allopurinol is a close structural analogue of hypoxanthine and in L. major promastigotes is indeed accumulated through the hypoxanthine transporter LmajNBT1 (2). We therefore investigated whether a similar situation exists in amastigotes. As L. major amastigotes cannot be kept in axenic culture, we used amastigotes from L. mexicana. Using these cells, transport of allopurinol was clearly less efficient than that of hypoxanthine, with a rate for 5 (Fig. 3) . These data are all consistent with a single highaffinity transporter for purine nucleobases, including allopurinol. While the V max values of LmexNBT1 for hypoxanthine and allopurinol are similar (Table 1) , the efficiency of uptake, expressed as K m /V max , is considerably higher for hypoxanthine.
Structure-activity relationships of purine analogues and the LmexNBT1 transporter. The inhibitory effects of purine analogues for LmexNBT1 were tested by measuring initial uptake rates of 0.1 M Tables 1 and 2, show that the LmexNBT1 transporter shows broad specificity for purine nucleobases but displays low affinity for the corresponding nucleosides.
LmexNBT1 displayed equal affinity for guanine (Fig. 4A ) and hypoxanthine (Fig. 2) , showing that the 2-amino group of guanine did not contribute to binding or pose a steric hindrance to binding. However, affinity for xanthine (Fig. 4A ) was markedly reduced [␦(⌬G°) ϭ 5.5 kJ/mol compared to hypoxanthine]. As this is unlikely to be the result of steric hindrance at position 2, this must be the result of protonation of the pyrimidine nitrogen at position 3 of the purine ring that occurs in xanthine. A comparison between guanine and 3-deazaguanine (Fig. 4A) shows that the unprotonated N-3 contributes 11.2 kJ/mol to the binding energy of guanine ( Table 2) . As only 5.5 kJ/mol is lost in xanthine, it can be postulated that weak hydrogen bonds totaling ϳ6 kJ/mol can be established between the LmexNBT1 binding pocket and N(3)H and/or the 2-keto group of xanthine. From inhibition plots with 9-deazaguanine (Fig. 4B) , the Gibbs free energy of H bonds with N(9)H was similarly estimated at Ϫ12.3 kJ/mol ( Table 2 ). The K i for 7-deazaguanine could not be clearly determined, due to very low affinity and solubility limitations, but was shown to be over 1 mM, which would indicate a ␦(⌬G°) of Ͼ15 kJ/mol for N-7. Furthermore, the substitution of the 6-keto group for a thione group (6-thioguanine) reduced the ⌬G°by 4.5 kJ/mol (6-thioguanine versus guanine) (Fig. 4B ). This could be an indication of a hydrogen bond interacting with the keto group, as thiones are much weaker H bond acceptors (50) , although the possibility of a steric effect by the larger sulfur atom provides an alternative explanation. Indeed, the ␦(⌬G°) between hypoxanthine and purine, which lacks both the 6-keto and lactam hydrogen on N-1, is only 1.9 kJ/mol (Table 2) . However, this needs to take into account the strong hydrogen bond with the pyrimidine N-1, estimated at 7.2 kJ/mol from the comparison between purine and 1-deazapurine (Fig. 4C) , bringing the actual contribution of the 6-keto/N(1)H combination to 9.1 kJ/ mol, of which 4.5 kJ/mol could be tentatively assigned to the keto group from the ␦(⌬G°) of 6-thioguanine. Finally, adenine (Fig. 4C) and purine proved to have the same affinity for LmexNBT1 (Table 1) , confirming the preference for a hydrogen bond acceptor at position 6 of the purine ring. The above observations were combined into a model for the binding of purine substrates by LmexNBT1 and compared to the model for substrate binding by the equivalent transporter of L. major (Fig. 5) . Antileishmanial activity of some nucleobase analogues. Allopurinol is well known to possess antileishmanial activity, but we previously noted that, at least in promastigotes, aminopurinol and the pyrimidine nucleobase 5-fluorouracil displayed substantially higher activity (46) . We therefore tested the same compounds on the human-infective amastigote stage, using pentamidine as a positive control and the same technique based on the fluorophore Alamar blue (Fig. 6) . The method was validated using cell counts in parallel to the fluorescence assay, yielding the same IC 50 s (Fig. 6, inset) . As with L. major promastigotes, aminopurinol and 5-fluorouracil were 10-to 20-fold more active against axenic L. mexicana amastigotes than allopurinol. IC 50 s (in micromolar; n ϭ 3) were 5.6 Ϯ 1.0, 630 Ϯ 87, 65 Ϯ 5, and 36 Ϯ 6 for pentamidine, allopurinol, aminopurinol, and 5-fluorouracil, respectively.
DISCUSSION
Purine and pyrimidine antimetabolites are widely used to combat a variety of infectious diseases and other pathologies (14) . Current evidence indicates that purine analogues alone or in combination with other chemotherapeutic agents are very effective against almost any fast-growing cells (22, 41) . Allopurinol, a purine analogue, has been used to treat leishmaniasis alone (34, 48) or combined with other drugs (21, 35, 36, 39, 47) . It should be pointed out, however, that the efficacy of allopurinol monotherapy remains unclear. A large-scale randomized trial sponsored by the World Health Organization showed no difference between allopurinol-and placebo-treated groups (57) . It may be that the value of allopurinol in the treatment of leishmaniasis is solely by synergistically enhancing the action of other treatments, and there is much, although largely anecdotal, evidence for this. One such report, by Chunge et al. (11), describes the treatment of five patients with visceral leishmaniasis unresponsive to sodium stibogluconate who were cured by a combination of the same drug plus additional allopurinol. In vitro as well, allopurinol has been reported to augment the antileishmanial effects of pentavalent antimonials (7). Other pyrazolopyrimidines, such as 9-deazainosine, displayed favorable therapeutic indexes in L. donovaniinfected hamsters (6) and also offer promise as potential chemotherapeutic agents (32) . However, it is widely acknowledged that the potential for damaging side effects can pose a challenge to the development of purine-based drugs (23) . Selectivity and efficacy of purine antimetabolites can be achieved through the enzymes of the purine metabolic pathways that convert the prodrug to the cytotoxic metabolite, usually a nucleotide analogue, and understanding of the substrate specificities of the enzymes involved is important in both drug efficacy and selectivity. The metabolism of allopurinol in Leishmania species to the active metabolite 4-aminopyrazolo(3,4-d)pyrimidine ribonucleoside triphosphate, which is incorporated into RNA, has been well studied (30, 31, 33, 43, 45) . The drug is selective, because mammalian cells do not show this conversion or incorporation (44) .
In addition, many antiprotozoal drugs derive their selective activity through uptake by cell surface transporters on the target cell rather than the host's cells (15) . The main human nucleobase transporter, hFNT1, displays very low affinity for allopurinol (52, 58) , whereas allopurinol uptake in Trypanosoma brucei was mediated by high-affinity nucleobase transporters (18, 42) . We have demonstrated that a strategy of purine-based chemotherapy, designed for specific uptake by protozoan parasites, is feasible and depends on detailed knowledge of the substrate recognition motifs of the respective transporters (17, 58, 59 (2, 46) , but the presence of nucleobase transporters in amastigotes has not yet been reported. The issue is important in understanding the selectivity of the drug as well as the potential for the development of resistance, as allopurinolresistant Leishmania lines have been described (9, 26 ) and resistance appears to be easily inducible (K. Soteriadou, personal communication). We consider that this resistance might be related to loss of transporter function, as allopurinol was taken up by a single nucleobase transporter in L. major promastigotes (2), in sharp contrast to the situation in T. brucei brucei, where the presence of multiple allopurinol transporters appears to preclude transport-related resistance (42) . We have therefore conducted a study of purine nucleobase uptake in Leishmania mexicana amastigotes, with particular emphasis on allopurinol uptake. We found that hypoxanthine and allopurinol are taken up by a single plasma membrane transporter, LmexNBT1, and we characterized its substrate profile in detail.
LmexNBT1 proved to be extremely similar to LmajNBT1. A comparison of their substrate binding models (Fig. 5 ) reveals that the positions and even the relative strengths of the hydrogen bonds are completely conserved between the two transporters, suggesting very similar architectures for the two transporters. This level of conservation is remarkable in that it signifies conservation both throughout the life cycle and between Leishmania species from different continents. Furthermore, the binding site architecture of these transporters appears to be very similar to that of the H2 hypoxanthine/ allopurinol transporter in bloodstream T. brucei brucei but very different from the binding motif of hFNT1 (2, 58) . This suggests that these related kinetoplastids would accumulate similar purine antimetabolites, which could be designed to be excluded from human cells. At present, none of the genes for these involved transporters have been identified with any certainty, precluding an assessment of whether the high level of functional conservation between the various T. brucei and Leishmania transporters is matched by genetic conservation. However, all protozoan purine transporter genes cloned to date are members of the equilibrative nucleoside transporter family (17) , and the percent identity between the T. brucei brucei TbNBT1/H4 or TbNT8.1 nucleobase transporters and the L. major LmNT3 nucleobase transporter is only 50% (8, 25, 53) .
LmexNBT1 showed only moderate affinity for allopurinol and aminopurinol. Yet, it seems unlikely that transport rates are a limiting factor in the efficacy of pyrazolopyrimidines against leishmaniasis, the conversion to the aminopurinol riboside triphosphate being a more likely bottleneck: aminopurinol, despite having lower affinity for LmexNBT1, was 10-fold more active against axenic amastigotes in culture. Nelson and coworkers reported the direct incorporation of aminopurinol into the aminopurine nucleotide pool, and subsequently into the RNA, of both Leishmania and Trypanosoma cruzi (33, 43) by means of phosphoribosylation, a conversion that does not happen in humans (44) .
This begs the question as to why aminopurinol has not been used against leishmaniasis, particularly as it has been long known that aminopurinol is more potent than allopurinol against Leishmania promastigotes in vitro (4) as well as against T. cruzi in mice (3). In mammals, aminopurinol is used as an experimental drug, which reduces the release of lipoproteins by the liver, lowering plasma cholesterol levels (55) . Chronic use, however, induces a "fatty liver" (40) and adrenal cell hypertrophy by depleting adrenal cholesterol (28, 37) . Aminopurinol given to mice for 10 days at 1 mg/kg induced no toxic effect, but an increase to 10 mg/kg caused high mortality rates and hepatomegaly (3) . A toxicological study with rodents, dogs, and cats found tolerance to high single doses of aminopurinol but mouse 50% lethal doses of 25 mg/kg when five consecutive daily doses were given (49) . The hepatotoxic effects led to the abandonment of aminopurinol as a potential antileukemia drug (54) , but levels active against T. cruzi in mice (3) were found to be nontoxic to humans (54) .
In summary, we have undertaken the first study of nucleobase transport in Leishmania amastigotes and identified a high-affinity nucleobase transporter that is responsible for the uptake of allopurinol and other purine bases. As the evidence is consistent with a model for a single hypoxanthine/allopurinol transporter, the potential for the rapid development of allopurinol resistance by loss of such a transporter would appear to be a potential concern. However, the use of purine analogues in combination chemotherapy with another antileishmanial agent may well be synergistic and prevent or even overcome early onset of resistance to either drug. 
